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Objective: To transect blood vessels within epiphyseal cartilage canals and observe whether this resulted
in ischaemic chondronecrosis, an associated focal delay in enchondral ossiﬁcation [osteochondrosis (OC)]
and pathological cartilage fracture [osteochondrosis dissecans (OCD)] in the distal femur of foals, with
potential translational value to the pathogenesis of juvenile osteochondritis dissecans (JOCD) in children.
Method: Ten Norwegian Fjord Pony foals were operated at the age of 13e15 days. Two vessels supplying
the epiphyseal growth cartilage of the lateral trochlear ridge of the left distal femur were transected in
each foal. Follow-up examination was carried out from 1 to 49 days post-operatively and included plain
radiography, macroscopic and histological examination.
Results: Transection of blood vessels within epiphyseal cartilage canals resulted in necrosis of vessels and
chondrocytes, i.e., ischaemic chondronecrosis, in foals. Areas of ischaemic chondronecrosis were asso-
ciated with a focal delay in enchondral ossiﬁcation (OC) in foals examined 21 days or more after tran-
section, and pathological cartilage fracture (OCD) in one foal examined 42 days after transection.
Conclusion: The ischaemic hypothesis for the pathogenesis of OC has been reproduced experimentally in
foals. There are several similarities between OCD in animals and JOCD in children. It should be inves-
tigated whether JOCD also occurs due to a focal failure in the cartilage canal blood supply, followed by
ischaemic chondronecrosis.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The majority of skeletal bones and joints form by a process of
enchondral ossiﬁcation, during which specialised hyaline growth
cartilage proliferates, but is gradually replaced by bone1e3. Growth
cartilage is typically found in two locations at the ends of long
bones: the metaphyseal growth plate or physis, and the epiphyseal
growth cartilage that is located between the articular cartilage and
the epiphyseal, subchondral bone1,2. The articular cartilage and
epiphyseal growth cartilage are collectively known as the articular-
epiphyseal cartilage complex2.. Olstad, Norwegian School of
al Clinical Sciences, Equine
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s Research Society International. PGrowth cartilage is present for a limited time, illustrated by
radiographic closure times of themajor pelvis limb bones from 14 to
21 years in humans4, and 3 months-3 years of age in horses5. Still,
primary disease processes can be initiated within growth cartilage
that persist or manifest clinically after the age when radiographic
closure occurs6e8. In animals, themost important primary disease of
growth cartilage is osteochondrosis (OC)8e10. OC can affect both
metaphyseal and epiphyseal growth cartilage and can, in the latter,
lead to the formation of intra-articular fragments, known as osteo-
chondrosis dissecans (OCD)9,10. These terms are deﬁned differently in
human and veterinary medicine. Because the current study was
conducted in foals, veterinary deﬁnitions are used. OC is deﬁned as a
disease process that is initiated within growth cartilage and charac-
terised by the development of a focal delay in enchondral ossiﬁca-
tion8e10. OCD is deﬁned as pathological fracture through a region of
cartilage containing a pre-existing OC lesion9,10. OCD in animals is
similar to the condition known as juvenile osteochondritis dissecans
(JOCD) in children11,12. In the current study, OC and OCD in animals
will be compared to JOCD in children up to the age of 17.5 years, butublished by Elsevier Ltd. All rights reserved.
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deﬁned as OC or osteochondritis dissecans in humans.
In several animal species, it is believed that OC develops as a
consequence of focal failure in the blood supply to growth cartilage,
which runs within cartilage canals9,10. In epiphyseal growth cartilage,
cartilage canals are regularly distributed, blind-ending tubular spaces
that are present during the early phases of growth13e17. An arteriole,
its capillary bed and one or more venules course into and out of the
cartilage through a single canal, and therefore represent true end ar-
teries (“glomeruli”)14,15,18. When they are no longer needed, cartilage
canals regress by a physiological process known as chondriﬁcation,
during which vessels disappear and perivascular mesenchymal cells
within the canaldifferentiate into chondrocytes toﬁll the canal lumen
with cartilage19e21. Cartilage canals are also incorporated into the
advancing ossiﬁcation front during growth, and in piglets and foals, it
has been suggested that the vessels are particularly vulnerable to
failure during the incorporation process16,22,23.
By histological examination, areas of chondrocyte necrosis cen-
tred on necrotic cartilage canals, i.e., ischaemic chondronecrosis,
have been identiﬁed at predilection sites for OC in young foals24,
calves25,26, piglets27 andpuppies28. Areas of necrotic cartilage are not
removed and replaced by bone at the same rate as the surrounding,
viable growth cartilage and thus produce the focal delay in enchon-
dral ossiﬁcation that is thehallmarkofOC inanimals8e10. Progression
of OC to OCD is thought to be the result of physiological or traumatic
biomechanical force acting upon a pre-existing OC lesion9,10.
Interruption of vessels within epiphyseal cartilage canals resulted
in ischaemic chondronecrosis in piglets, designated osteochondrosis
latens (OCL) in this species20,29. Pigletswere examined amaximumof
29days after vascular interruption,bywhich timeneithera focal delay
in ossiﬁcation (OC) nor OCD were observed20,29. The ischaemic hy-
pothesis for the pathogenesis of OC has not been tested experimen-
tally within the epiphyseal growth cartilage of any other mammalian
species.
The aim of the current study was to transect blood vessels
within epiphyseal cartilage canals and observe whether this
resulted in ischaemic chondronecrosis, OC and OCD in the distal
femur of foals, with potential translational value to the pathogen-
esis of JOCD in children.
Method
Animals
Norwegian Fjord Pony stallions (n ¼ 4) and mares (n ¼ 10) were
recruited and conﬁrmed free of radiographic signs of femoro-Fig. 1. Methods. Lateral view of the distal femur of two foals unrelated to the current study
lateral trochlear ridge is arranged in an approximately radial pattern (arrows). The stippled
arthroscopically cranial to this line. Each of the two selected radial vessels was interrupted in
visible length of the vessel as possible (four black lines). (B) 49 Day-old male Standardbred fo
tissues been made translucent by the Spalteholz technique. Adjacent radially oriented vessel
a depth level that cannot be visualised arthroscopically. Asterisks indicate the level where ep
have access to arterial sources within subchondral bone. The stippled line indicates the surpatellar joint disease, to minimise disease predisposition among
the offspring. Foals (n ¼ 10) of both genders born to the screened
parents were eligible for inclusion. Diagnosis of an orthopaedic,
medical or surgical disorder was a criterion for exclusion prior to
the start of the study, and for veterinary intervention during the
study.
Intervention
Vascular transection was scheduled for as close to the age of 14
days as possible, whilst still within weekday operating hours. After
premedicationwith midazolam (0.2 mg/kg bwt i.m.) and morphine
(0.05 mg/kg bwt i.m.), a catheter was placed within a jugular vein
and ﬂunixin meglumine (1.1 mg/kg bwt i.v.), sodium benzylpeni-
cillin (20,000 IU/kg bwt i.v.) and gentamicin (6.6 mg/kg bwt i.v.)
were administered. General anaesthesia was induced with mid-
azolam (0.15 mg/kg bwt i.v.) and ketamine (2.4 mg/kg bwt i.v.) and
maintained with isoﬂurane.
An arthroscopy camera portal was created distally and laterally
within the lateral pouch of the left femoro-patellar joint. The blood
supply to the lateral trochlear ridge is arranged in an approximately
radial pattern [Fig. 1(A)]. Adjacent radial vessels are sometimes
connected by smaller branches that are not visible arthroscopically
[Fig. 1(B)]16. It was therefore decided to interrupt two adjacent
radial vessels simultaneously. The vasculature on the lateral aspect
of the lateral trochlear ridge was inspected, and two adjacent radial
vessels in the mid to proximal third of the ridge were selected and
designated distal and proximal, respectively. An instrument portal
was created adjacent to the distal vessel, and a miniature edged
scalpel was introduced into the joint (Ref. No. EL-6400, Eagle Lab-
oratories, USA). Cartilage canals are incorporated into the
advancing ossiﬁcation front during growth. Following incorpora-
tion, vessels within cartilage canals gain access to arteries within
the subchondral bone; however, this cannot be visualised arthro-
scopically [Fig. 1(B)]16. It was decided to interrupt each selected
radial vessel in two separate locations: as far cranial and as far
caudo-lateral along the arthroscopically visible length as possible
[Fig. 1(A)]. If the technique failed to interrupt the blood supply
beyond a cranially located incision in the case that cartilage canal
vessels in this location had access to intact, subchondral arteries, it
could still succeed in interrupting the blood supply between the
lateral and cranial incisions; an aspect of the distal femur where
cartilage canal vessels are unlikely to have access to subchondral
arteries16.
In the ﬁrst operated foal, examined 7 days after the operation,
transecting incisions were created as shallow as possible due toshown with permission. (A) 77 Day-old male Warmblood foal. The blood supply to the
line indicates the level of the attachment of the joint capsule. Vessels can be visualised
two separate locations: as far cranial and as far caudo-lateral along the arthroscopically
al, same orientation as (A). The arterioles have been perfused with barium and the soft
s (arrows) are connected by smaller branches (arrowheads). The branches are located at
iphyseal cartilage canals are incorporated into the advancing ossiﬁcation front and may
face contour of the lateral trochlear ridge.
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pain. Pain was not detected, so in subsequent operated foals, the
scalpel blade was advanced until it made contact with subchondral
bone, and the incision lengthened until it measured approximately
6 mm. Successful interruption of the selected radial vessel was
conﬁrmed by bleeding from the transection site and disappearance
of the previously visible arterial pulse beyond the point of tran-
section (Supplemental Video).
Supplementary video related to this article can be found online
at doi:10.1016/j.joca.2013.02.005.
The procedure was repeated for the proximal selected vessel,
until a total of four incisions had been made [Fig. 1(A)]. The in-
cisions were referred to by their relative anatomical locations as the
proximal cranial, proximal lateral, distal cranial and distal lateral
incision, respectively. Morphine (0.1 mg/kg bwt), expanded to a
total volume of 5 ml with 0.5 % bupivacaine was injected into the
joint for pain prophylaxis after skin closure, before recovery from
anaesthesia.
Post-operative management
Foal health was monitored daily. Foals received ﬂunixin
meglumine (1.1 mg/kg bwt i.v. or p.o. once daily) for 3 days and
trimethoprim/sulphadiazine (5/25mg/kg bwt p.o. twice daily) for 7
days post-operatively. Arthroscopy portals were bandaged, and the
mare and foal conﬁned to a looseboxmeasuring 4 5m for the ﬁrst
7 days. After 7 days, bandages and sutures were removed, and the
mare and foal were turned out into a paddockmeasuring 10 15m,
increasing from 1 to 7 h per day. After 14 days, the mare and foal
were turned out onto pasture.
Follow-up examination
Foals were arbitrarily assigned a time for follow-up exami-
nation from 1 to 49 days after surgery. Each foal was induced
into general anaesthesia, and a plain, ﬂexed medio-lateral
radiograph was obtained of both femoro-patellar joints before
the foal was euthanased with pentobarbital. The left distal femur
was harvested and ﬁxed in 4 % phosphate-buffered formalde-
hyde for 48 h. The lateral trochlear ridge was separated from the
distal femur by sawing with a band saw, and decalciﬁed in 10%
EDTA. Decalciﬁed blocks were cut into 5 mm thick slabs in a
transverse plane parallel with the articular weight-bearing sur-
face of the distal femur. All available slabs were parafﬁn-
embedded, sectioned and stained with haematoxylin and eosin,
or toluidine blue, for histological examination. Slabs located
distal or proximal to the transecting incisions were used as
controls.
The number of foals and time to follow-up examination was
based on previous studies in piglets20,29. Local morphological
changes at the site of transecting incisions are described
separately30.
Results
Exclusions did not occur. One foal was diagnosed with pneu-
monia on the ﬁrst post-operative day and euthanased on humane
grounds. The foal remained included, representing the observation
interval of 1 day. The study group comprised six males and four
females. Age and weight at surgery was 13e15 days (median: 13)
and 50e72 kg (mean: 63.4). One foal was examined at each of the
intervals of 1, 4, 7, 10, 14, 21, 28, 35, 42 and 49 days after surgery
(weight: 63e114 kg). The number of slabs examined per foal was
7e12 (median: 9).Morphological observations
Changes are deﬁned at the interval theywere ﬁrst observed, and
summarised in Table I.
1 and 4 days: Portions of cartilage canals located immediately
superﬁcial to cranial transecting incisions contained dilated
vascular luminae lined by ﬂattened endothelial cells with pyknotic
nuclei, i.e., necrotic vessels. Perivascular cells within and occasional
chondrocytes adjacent to these canal portions were shrunken and
contained pyknotic nuclei (necrosis).
7 days: Between the lateral and cranial incisions, there was a
cartilage canal apparently dividing into two branches. One branch
was normal, whereas the more cranial and superﬁcially located
branch contained only necrotic debris, including thin, eosinophilic
casts of vascular luminae. Superﬁcially adjacent to this branch,
there were approximately 25 necrotic chondrocytes. Some of the
necrotic chondrocytes contained pyknotic nuclei. In others, kar-
yolysis had occurred such that only eosinophilic cytoplasm
remained (coagulative necrosis). The matrix around necrotic
chondrocytes stained comparatively pale. Viable chondrocytes
adjacent to the necrotic chondrocytes showed proliferation,
deﬁned as the presence of more than one cell within a lacuna,
outside the proliferative zone of epiphyseal growth cartilage.
In the slab immediately proximal to the slab with the necrotic
canal, there was a cartilage canal where the vascular endothelium
was necrotic or absent, and perivascular cells exhibited
chondrocyte-like characteristics including localisation within
lacunae separated by a modest amount of matrix, interpreted as
chondriﬁcation. The chondrifying canal was located in the region
with the thickest cartilage.
10 and 14 days: In all foals examined from 10 days after surgery
onwards, transected cartilage canals displayed three different
morphologies:
- Portions of canals located superﬁcial to transecting incisions, i.e.,
visibly separated from their arterial source, and deep within the
epiphyseal growth cartilage contained necrotic vessels and per-
ivascular cells [Fig. 2(C)].
- Portions of canals located superﬁcial to transecting incisions and
superﬁcially within the epiphyseal growth cartilage were
chondrifying.
- Portions of canals located between cranial transecting incisions
and the ossiﬁcation front on the cranial aspect of the lateral
trochlear ridge, i.e., visibly connected to intact subchondral ar-
teries, contained viable vessels and perivascular cells.
Chondrocytes surrounding the latter two categories of canals
were morphologically normal. Chondrocytes immediately adjacent
to necrotic canals were necrotic.
21 days: At the proximal cranial incision, there was necrosis of
chondrocytes immediately adjacent to necrotic canals. At the distal
cranial incision, there was necrosis of chondrocytes within a large
area of cartilage connecting multiple adjacent necrotic canals, i.e.,
ischaemic chondronecrosis [Fig. 2(D, E)].
Within the viable cartilage on the margin of areas of necrosis,
5e13 small, irregularly shaped cartilage canal luminae were
observed and considered representative of vascular proliferation.
Enchondral ossiﬁcation had progressed beyond the level of an
area of ischaemic chondronecrosis between the proximal lateral
and cranial incisions in this foal. This caused a focal delay in
enchondral ossiﬁcation, on the lateral aspect of the lateral trochlear
ridge [Fig. 2(F)].
28 and 35 days: The matrix surrounding proliferating vessels in
both foals stained intensely eosinophilic and resembled osteoid,
interpreted as early formation of separate centres of ossiﬁcation.
Table I
Morphological changes associated with necrotic cartilage canals
1 Day 4 Days 7 Days 10 Days 14 Days 21 Days 28 Days 35 Days 42 Days 49 Days
Necrotic canals Morphology Dilated luminae,
necrotic
endothelium,
cell shrinkage
and pyknosis
Dilated luminae,
necrotic
endothelium,
cell shrinkage
and pyknosis
Thin, eosinophilic
casts and necrotic
cellular debris
Vascular casts
and necrotic
debris
Vascular casts
and necrotic
debris
Vascular casts
and necrotic
debris
Vascular casts
and necrotic
debris
Vascular casts
and necrotic
debris
Necrotic debris
or cells from
subchondral
bone marrow
Necrotic debris
or cells from
subchondral
bone marrow
Chondrocyte
necrosis
Extent Occasional cells Occasional cells Group of 25
superﬁcially
located cells
Continuous
narrow zone
Continuous
narrow zone
Continuous
narrow zone,
or large area
connecting
multiple adjacent
necrotic canals
Large area
connecting
multiple
adjacent
necrotic
canals
Large area
connecting
multiple
adjacent
necrotic
canals
Large area
connecting
multiple
adjacent
necrotic
canals
Large area
connecting
multiple
adjacent
necrotic
canals
Morphology Shrinkage,
pyknosis
Shrinkage,
pyknosis
Shrinkage,
cytoplasmic
eosinophilia,
pyknosis or
karyolysis;
coagulative
necrosis
Karyolysis;
coagulative
necrosis
Karyolysis;
coagulative
necrosis
Karyolysis;
coagulative
necrosis
Karyolysis;
coagulative
necrosis
Karyolysis;
coagulative
necrosis
Karyolysis;
coagulative
necrosis
Karyolysis;
coagulative
necrosis
Matrix
staining
Normal Normal Pale Normal Normal Pale Pale Pale Pale Pale
Adjacent
chondrocyte
proliferation
Extent e e Occasional cells Occasional
cells
Occasional
cells
Occasional
cells
Occasional
cells
Occasional
cells
Continuous
zone
Continuous
zone
Number of
cells in single
lacunae
e e 2 2 2 2e4 2 2e8 2e8 2e8
Adjacent vascular
proliferation
e e e Yes e Yes Yes, with
intensely
eosinophilic
matrix margins
(osteoid)
Yes, with
intensely
eosinophilic
matrix margins
(osteoid)
Yes, with
eosinophilic
margins and
osteoblast-like
cells (separate
centre of
ossiﬁcation)
Yes
Associated focal
delay in
enchondral
ossiﬁcation
e e e e e Laterally e e Cranially Cranially
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Fig. 2. Transection of vessels leads to the formation of areas of ischaemic chondronecrosis that cause a focal delay in enchondral ossiﬁcation. All photomicrographs are transverse
sections from the lateral trochlear ridge, stained with haematoxylin and eosin. The bar in (A) is 1 cm; the bars in all other images are 0.1 mm (A) 1 day after surgery. Composite
image of multiple low power ﬁelds. (B)e(F) Have the same orientation as this image. The dotted lines between the arrows indicate the position of the cranial and lateral incisions.
Please note that in older foals, the relative position of the incisions within the examined tissue will change due to continued enchondral ossiﬁcation. The position of (B)e(F) relative
to the incisions are indicated by the letters and stippled boxes. (B) 21 Days after surgery. The image shows a normal, patent cartilage canal from a slab located distal to the
transecting incisions. The canal contains an arteriole (asterisk), several venules (arrows) and perivascular mesenchymal cells (arrowhead). Surrounding chondrocytes are
morphologically normal. (C) 10 Days after surgery. The image shows a transected, necrotic cartilage canal with a dilated vascular lumen (asterisk), lined by a ﬂattened endothelial
cell with a pyknotic nucleus (arrow). Adjacent chondrocytes show shrinkage and karyolysis, and only eosinophilic cytoplasm remains, interpreted as coagulative necrosis (ar-
rowheads). (D) 21 Days after surgery. Superﬁcial to the proximal cranial incision (arrow), there is necrosis of chondrocytes within a large area of cartilage (above the stippled line)
connecting multiple adjacent necrotic canals (asterisks), i.e., ischaemic chondronecrosis. (E) 21 Days after surgery. The image is from the section located immediately adjacent to (D)
and shows a magniﬁed view of the necrotic cartilage canal labelled with two asterisks. The necrotic canal is surrounded by necrotic chondrocytes, and there is a sharp transition to
the viable, nucleated chondrocytes in the lower left corner of the image (below and to the left of the stippled line). (F) 21 Days after surgery. There is an area of ischaemic
chondronecrosis (within the stippled lines, asterisk: necrotic canal) between the proximal cranial (not shown) and lateral (arrow) incisions in this foal. Enchondral ossiﬁcation
(arrowheads) is progressing within the viable cartilage on the margins of the area of necrosis (stippled line). Thus, the area of ischaemic chondronecrosis is causing a focal delay in
enchondral ossiﬁcation, on the lateral aspect of the lateral trochlear ridge. (The canal laterally adjacent to the necrotic canal is empty due to artefactual drop-out of the contents
during processing.)
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macroscopically visible focal delay in enchondral ossiﬁcation in the
ﬁve most proximal examined slabs from this foal. In the six most
distal examined slabs, areas of ischaemic chondronecrosis were
associated with areas of a heterogeneous, vascularised tissue that
was compatible with granulation tissue. The granulation tissue
contained smaller foci where cells displayed uniform ﬁbroblast-,
chondrocyte- or osteoblast-like characteristics within each focus.
The tissue also contained multi-nucleated giant cells interpreted as
clasts. In these six distal slabs, the focal delay in enchondral ossi-
ﬁcation was caused by areas of ischaemic chondronecrosis and
associated granulation tissue.
There was an irregular, vertical cartilage fracture on the axial
aspect of the lateral trochlear ridge, towards the trochlear groove of
this foal [Fig. 3(A)]. The fracture extended laterally to becomeconﬂuent with the proximal and distal cranial incision defects. A
large portion of the fracture traversed through an extensive area of
ischaemic chondronecrosis [Fig. 3(B)]. This was considered repre-
sentative of pathological fracture.
The luminae of some proliferating vessels in this foal were
surrounded by intensely eosinophilic, osteoid-like matrix and
contained palisading, osteoblast-like cells. This was interpreted as
establishment of separate centres of ossiﬁcation.
49 Days: In addition to areas of ischaemic chondronecrosis su-
perﬁcial to the cranial incisions, there was an area of ischaemic
chondronecrosis in a location indicating that it had arisen within
the cartilage between the lateral and cranial proximal incisions in
this foal. At the time of examination, the area was located 8 mm
deep to the surface on both the lateral and cranial aspects of the
lateral trochlear ridge. In one slab, this meant that the area was
Fig. 3. Cartilage fracture. All images are from the foal examined 42 days after surgery. (B) is oriented the same as Fig. 2(A) and originates from approximately the same position as
Fig. 2(B). The photomicrograph is a transverse section from the lateral trochlear ridge, stained with haematoxylin and eosin. The bar is 0.1 mm. (A) There is an irregular, vertical
cartilage fracture (between the arrows) on the axial aspect of the lateral trochlear ridge, towards the trochlear groove. The proximal (“upper”) and distal (“lower”) cranial incisions
are visible on the lateral aspect of the lateral trochlear ridge (arrowheads). (B) The image shows the fracture line, and the letter “f” denotes the superﬁcially and laterally located,
unstable portion of the fractured tissue. A large portion of the fracture traverses through an extensive area of ischaemic chondronecrosis (all visible cartilage in the stable portion is
necrotic; the cartilage below the stippled line in the unstable part is necrotic, asterisks: necrotic cartilage canals. (C) 42 Days after surgery, ﬂexed medio-lateral radiograph of the left
femoro-patellar joint. There is a radiolucent line, outlining a thin, linear body of bone/mineral opacity (between the arrows), at the operated lateral trochlear ridge.
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epiphyseal centre of ossiﬁcation. Two to three adjacent, normal-
sized bone marrow spaces contained granulation tissue and a low
number of clasts. In the slab proximal to the slab with the island of
necrotic cartilage, the area of ischaemic chondronecrosis was
located within the metaphyseal growth plate.
Clinical and radiographic observations
Changes were only detected in the foal examined at 42 days
with the pathological cartilage fracture. The foal moved freely
throughout the study period, but from 35 days after surgery, it
showed intermittent, lower than grade 1/5 lameness on the oper-
ated left hind limb. The protocol stipulated that lameness had to be
continuous and above a grade 2/5 to warrant treatment. The
radiograph of this foal taken 42 days after surgery revealed a
radiolucent line, outlining a thin, linear body of bone/mineral
opacity, at the operated left lateral trochlear ridge [Fig. 3(C)].
Discussion
The main ﬁnding in the current study was that surgical tran-
section of blood vessels within epiphyseal cartilage canals resulted
in necrosis of vessels and chondrocytes, i.e., ischaemic chon-
dronecrosis, in foals.
The current results suggest that following transection, only the
contents of portions of canals that are located both: beyond the
point of transection, and: deep within the epiphyseal growth
cartilage should be considered fully susceptible to necrosis. Trans-
ected canals that were located superﬁcially within the epiphyseal
growth cartilage chondriﬁed, as previously observed in experi-
mental lesions in piglets29. “Programmed” chondriﬁcation when
cartilage canals are no longer needed occurs within regions with
thin cartilage before regions with thick cartilage21. The currentobserved chondriﬁcation occurred in regions with thick cartilage
adjacent to pathological lesions and was probably “accidental”. The
signalling for programmed chondriﬁcation is currently unknown,
but there may be an overlap with signals triggered by the current
lesions. In both programmed and accidental chondriﬁcation, the
consequences for the surrounding cartilage were the same, i.e.,
chondrocytes remained viable.
Necrosis of chondrocytes was only observed around and be-
tween adjacent necrotic portions of canals. Chondrocytes located
immediately superﬁcial to the ossiﬁcation front were not affected
by the current cranial transecting incisions, but in a previous study
in piglets, chondrocytes within a thin zone superﬁcial to the ossi-
ﬁcation front remained viable following vascular interruption20.
Including the current study, three interventional20,29 and
numerous observational studies17,20,21,23,31 provide strong evidence
that, following vascular transection/failure, the earliest lesion that
is observed in histological sections is an area of ischaemic chon-
dronecrosis that is located entirely within the intermediate layers
of the epiphyseal growth cartilage.
Repair responses were observed within the epiphyseal growth
cartilage adjacent to areas of ischaemic chondronecrosis. Prolifer-
ation of chondrocytes appears to be a non-speciﬁc response to
different kinds of cartilage insult32. Vascular proliferation has so far
only been documented adjacent to experimental or naturally
occurring areas of ischaemic chondronecrosis23,29,31, andmay prove
speciﬁc to ischaemic cartilage insult.
Ossiﬁcation centres formed around proliferating vessels in the
current study. In naturally occurring OC in horses, similar centres
have been referred to as “accessory” or “separate” centres of ossi-
ﬁcation to distinguish them from the primary, diaphyseal and
secondary, epiphyseal centres of ossiﬁcation33,34. Accessory ossiﬁ-
cation centres were ﬁrst thought to represent the primary disease
process in OC, when identiﬁed in horses aged from 1 to 24
months33. It is only through examination of considerably younger
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separate centres of ossiﬁcation represent a secondary repair
response, rather than the primary disease process34. Separate
centres of ossiﬁcation have been observed in children and variably
interpreted as normal variation11,35e38 or primary disease39. It is
highly plausible that the centres represent normal variation in the
case that they are observed close to the time when the secondary,
epiphyseal centre of ossiﬁcation forms38. Conversely, when sepa-
rate centres of ossiﬁcation are observed at predilection sites for
JOCD long after the secondary, epiphyseal centre of ossiﬁcation
formed, the current experimental and previous histologically vali-
dated study in foals34 support interpretation of such centres as a
response to cartilage ischaemia, rather than normal variation or
primary disease.
The current transecting incisions were successful in demon-
strating an association between areas of ischaemic chondronec-
rosis and a focal delay in enchondral ossiﬁcation in three foals at
21, 42 and 49 days. The focal delay appears to be the result of
persistence of an area of ischaemic chondronecrosis, combined
with continued enchondral ossiﬁcation within the viable growth
cartilage on the margins of the area of necrosis. In naturally
occurring lesions, vascular failure is believed to occur at tissue
junctions, particularly the ossiﬁcation front22,23. The current cra-
nial incisions were located a short distance superﬁcial to the
ossiﬁcation front, and this may have artiﬁcially prolonged the time
from vascular transection to focally delayed ossiﬁcation on the
cranial aspect of the lateral trochlear ridge. The same was not true
of areas arising between the lateral and cranial incisions, where
the time of 21 days from vascular transection to delayed ossiﬁca-
tion may be applicable to naturally occurring vascular failure on
this aspect of the lateral trochlear ridge in pony foals at the current
stage of maturation. Also, a single cranial incision defect caused a
notch in the ossiﬁcation front in each of the foals examined at
35 and 49 days, described in full elsewhere30, and may have
masked the association between ischaemic chondronecrosis and
delayed ossiﬁcation in these particular defects. Thus, with reﬁne-
ment of the experimental technique, particularly: attention to
the orientation of defects relative to the ossiﬁcation front30, the
association between ischaemic chondronecrosis and delayed
ossiﬁcation could probably have been demonstrated even more
clearly.
As a consequence of delayed ossiﬁcation, the cartilage superﬁ-
cial to the area of delay appears thickened relative to adjacent
cartilage. Changes that are compatible with focal cartilage thick-
ening have been identiﬁed at predilection sites for JOCD during
radiographic and MRI examination of children, and interpreted as
normal variation36,37,40. This contrasts with how similar areas are
interpreted on radiographic examination of horses41,42 and pigs43.
The same animals were subsequently examined histologically, at
which time it was possible to conﬁrm that areas of focally thick-
ened cartilage, when identiﬁed at predilection sites for OCD, rep-
resented pathological OC lesions42e44. This has also been conﬁrmed
in a combined microCT and histological study in a puppy28.
Needle core biopsies and chondro-osseous cylinders collected
during the treatment of JOCD lesions in the knees or elbows of
children from 10 to 16 years old have been examined histologi-
cally45,46. On histological examination, changes apparently repre-
senting chondrocyte necrosis46, alterations in matrix staining45,46,
proliferation of viable, adjacent chondrocytes45,46, granulation tis-
sue45,46 and focal cartilage thickening, i.e., delayed ossiﬁcation45
have been described. The same changes were observed from 42
days following vascular transection in the current study, and in
previously examined naturally occurring chronic lesions in
foals21,31. The changes observed during histological examination of
JOCD lesions may therefore have the same pathogenesis as OC infoals of vascular failure, followed by ischaemic chondronecrosis of
epiphyseal growth cartilage.
In the foal examined at 42 days, there was a pathological OCD
cartilage fracture through an extensive area of ischaemic chon-
dronecrosis. The matrix around necrotic chondrocytes in the cur-
rent study stained comparatively pale, and degradation of
proteoglycans has previously been demonstrated within areas of
ischaemic chondronecrosis in pigs47. The presence of areas of
ischaemic chondronecrosis is thus believed to weaken the
articular-epiphyseal cartilage complex, predisposing it to patho-
logical fracture under the inﬂuence of physiological or traumatic
biomechanical force9,10.
In a previous study in foals, strict box rest or daily gallop sprints
from the age of 8 days to 5 months inﬂuenced the location and
severity, but not the prevalence of OC lesions48. It is possible that
inclusion of an exercise programme into the current experimental
protocol could have resulted in progression of a greater number of
areas of ischaemic chondronecrosis into pathological OCD fracture,
but this was not considered ethically acceptable in operated foals.
At the latest observation interval of 49 days, areas of ischaemic
chondronecrosis were incorporated into the epiphyseal sub-
chondral bone or the physis, which is destined for incorporation
into the diaphyseal subchondral bone. Within the subchondral
bone, areas of ischaemic chondronecrosis were associated with
granulation tissue that contained clasts, with the potential to
remove necrotic matrix and cells through phagocytosis, and
osteoblast-like cells. In naturally occurring OC in foals, similar areas
appeared to undergo transformation into bone by secondary, intra-
membranous ossiﬁcation34. Areas of ischaemic chondronecrosis
may therefore, once they are surrounded by bone, undergo removal
and spontaneous healing to morphologically normal bone. As
opposed to increasing the risk of progression of OC to OCD through
exercise, it may also be possible to minimise the risk through a
temporary reduction in activity. This was elegantly demonstrated
in a case study of three young baseball players where subclinical
lesions were identiﬁed during screening and followed longitudi-
nally using MRI and ultrasound49. Subclinical changes resolved in
two players who rested, and progressed to OCD in the one player
who continued pitching49.
Transection of vessels within epiphyseal cartilage canals resul-
ted in ischaemic chondronecrosis in young pony foals. Areas of
ischaemic chondronecrosis were associated with a focal delay in
enchondral ossiﬁcation (OC) in foals examined 21 days or more
after transection, and pathological cartilage fracture (OCD) in one
foal examined 42 days after transection. The ischaemic hypothesis
for the pathogenesis of OC has been reproduced experimentally in
foals. It should be investigated whether JOCD in children also oc-
curs due to a focal failure in the cartilage canal blood supply, fol-
lowed by ischaemic chondronecrosis.Author contributions
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